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Upgrading bio-oils for the production of transport fuel and chemicals is a challenge that has recently
attracted a lot of attention. As one of the most prominent approaches, hydrodeoxygenation (HDO) was
used in this work to upgrade the light phase of a pyrolysis oil produced from straw in the bioliq® pilot
plant in Karlsruhe. A mild hydrotreatment was performed in a batch autoclave at 250 C under hydrogen
atmosphere (8.0 MPa at room temperature) in the presence of various nickel-based catalysts using
different loadings and supports. Their catalytic performances, measured in term of hydrogen con-
sumption, were similar but inferior to Ru/C (used as benchmark). The oxygen content was signiﬁcantly
decreased in the upgraded oils (20e26 wt%) as result of hydrodeoxygenation reactions and of the
repartition of more apolar compounds in the upgraded oil. Using gas chromatography, the typical
biomass platform molecules were detected and some reaction trends were identiﬁed. The conversion of
phenol and the product selectivity was different whether this molecule was investigated in the pyrolytic
mixture or as model compounds, indicating that the complex composition of the light phase or the
probable deactivation of the catalyst plays a signiﬁcant role. Quantitative 1H-NMR analysis was a useful
method for gaining an overview about the reactivity of the different molecular functional groups present
in the bio-oil.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
In the last two decades, the pronounced depletion of the com-
mon mineral oil has been the driving force of many studies aimed
to increase the competitiveness of renewable resources in the en-
ergy market. Biomass represents a renewable carbon-based source,
from which the production of fuels and chemicals is possible via
suitable conversion techniques [1,2]. Among them, fast pyrolysis
permits to convert lignocellulosic biomass [3], which is not in
competition with the food production, preferentially into a high-
energy liquid mixture, called pyrolysis oil or bio-oil [4,5]. Howev-
er, the qualities of a bio-oils are not suitable for the direct use in
speciﬁc applications [6], e.g. as transport fuel or as source of
chemicals, and an upgrading is required [7,8]. Since its elemental
composition is rather similar to biomass (high oxygen content)r Ltd. This is an open access articleinstead of fossil fuels, the bio-oil is consequently not miscible with
crude oil and it cannot be used or processed in the same facilities
together [9e11]. The high oxygen content represents the main
issue, since the functional groups containing oxygen are respon-
sible for several characteristics of a bio-oil, such as the polarity, the
acidity, the relative low heating value, the viscosity and the reac-
tivity, parameters that inﬂuence overall its phase stability [8]. In
addition, some of the compounds tend to polymerize, the water
content in the pyrolysis oil has a negative inﬂuence on the heating
value and the phase separation, and the high acidity of a number of
constituents represents a problem in terms of material corrosion
during transport, storage and processing [8].
In order to increase the stability and decrease the oxygen con-
tent of the pyrolysis oil, catalytic hydrodeoxygenation (HDO) is one
of themost studied andmost promising upgradingmethods, which
can provide a combustible mixture with a higher heating value and
stronger resemblance to fossil fuels [8,12e16]. The reaction is car-
ried out under high hydrogen pressure, preferentially in theunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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CeO bond, removing the oxygen in form of water. Depending on
the process temperature, it is possible to differentiate betweenmild
HDO (or mild hydrotreatment), generally up to 250 C and mainly
used for bio-oil stabilisation, and deep HDO, up to 400 C for
obtaining a high deoxygenation degree [17]. The difference be-
tween these two conditions is the grade of deoxygenation achieved
in the products, which is proportional to the hydrogen consump-
tion [17].
Hydroprocessing of bio-oils has been largely studied with pio-
neering studies already in the eighties and recently reviewed for
example by D.C. Elliott [16]. Nowadays it is becoming more
important as demonstrated by the increasing number of articles in
literature that reported experiments using different catalysts, re-
action conditions and reactor types [8,12e15]. The current chal-
lenge is still to ﬁnd a catalyst with good stability in the aggressive
bio-oil environment, with a long lifetime, with a good conversion
at relative low temperature (in order to minimise the coke forma-
tion) and that is available and cheap for minimising the costs of a
scale-up plant.
Catalysts for hydrodesulfurization (HDS) of crude oil, such as
CoMo/g-Al2O3 and NiMo/g-Al2O3 in sulphide form, have been
tested in HDO obtaining satisfying results in term of oxygen
removal but not in terms of catalyst stability [8,18e20]. A reason of
deactivation of these catalysts is due to the low amount of sulphur
present naturally in the pyrolysis oil [7,8] and to the high content of
oxygen that constrains the supply of an additional sulphur source in
order to keep the catalyst active. However, one of the most
important and not completely resolved problem is associated to the
deposition of carbonaceous species on the catalyst surface [7,8,21].
Water, present originally in the bio-oil and as the main HDO
product, can also limit the stability of the support and decreases the
catalytic activity by competitive adsorption on the active catalyst
surface [21]. On the other hand, some studies in literature report
that in suitable operating conditions the catalyst can resist relative
long period. For example M.V. Olarte et al. [22] reported a lifetime
of a proprietary sulﬁded catalyst of over 700 h in a two-stage ﬁxed
bed reactor after an appropriated bio-oil pre-treatment over a non-
sulphide catalyst.
Supported noble metals, like Pt, Pd and Ru, have been studied by
several groups with model compounds [23] and pyrolysis oil
[17,24,25], identifying Ru/C as the most active metal in HDO. The
main problems related to noble metals are the price/availability, a
high consumption of hydrogen not only due to HDO but also to the
concurrent hydrogenation of unsaturated bonds (such as aromatic
rings) and their tendency to get easily poisoned by the low amount
of sulphur in the bio-oil [26,27].
Nickel-based catalysts is another category that has recently
gained interest, because of its high abundance and thus lower price,
a potentially lower consumption of hydrogen compared to noble
metals [11] and a supposed higher stability in the reaction condi-
tions than HDS catalysts. Especially, nickel catalysts that allow a
synergy between the active metal and the acidity of the support
appear attractive: nickel acts as active centre for hydrogen
adsorption while the metal oxide promotes the coordination of
oxygen and the subsequent deoxygenation via dehydration (Lewis
acid) [28]. The mechanism is still debated and it seems that also
nickel is able to coordinate the oxygen group [8]. Related studies
with model compounds in the literature have described HDO with
nickel catalysts as an attractive route [19,29e35], however only few
of them have been carried out with real bio-oils [11,28,33].
In this work, we investigated HDO reactions performed with a
bio-oil in the presence of nickel-based catalysts. The catalysts that
we used were selected from studies reported in the literature by
different authors performing catalysed HDO of model compoundsand/or of bio-oils. Various supports and eventually promoters,
which demonstrate an improvement in the conversion, were cho-
sen: NiW/AC (supported on activated carbon) [19], NiCu/Al2O3
[11,28,33], Ni/ZrO2 [34], Ni/SiO2 [34], Ni/TiO2 [34], Ni/Al2O3 [34]
were tested under mild HDO conditions at 250 C in a 200 ml
batch reactor. As benchmark, a Ru/C catalyst was used in the same
condition, in order to compare the activity of the two different
classes.
The bio-oil under investigationwas produced in the bioliq® pilot
plant in Karlsruhe from fast pyrolysis of wheat straw in a twin-
screw mixer reactor [36,37]. Differently from the majority of the
articles reported in literature, this work aims to study the hydro-
treatment of a bio-oil produced from straw instead of one from
wood, therefore its composition (the different inorganic content in
the biomass can drive to different fragmentation reactions during
pyrolysis) and its properties can differ signiﬁcantly [38,39]. In our
speciﬁc case, we employed the light fraction of the original bio-oil,
focussing in this way on the reactivity of more polar and lower
molecular weight compounds like sugar derivatives, lignin-derived
monomers, acids and ketones. The original feed and the products
were characterized by different techniques, with a special focus on
gas chromatography (GC) and quantitative hydrogen nuclear
magnetic resonance (1H-NMR). We evaluated the main changes
induced by the HDO reaction on the general properties of the bio-
oil and we monitored the reactivity of some single representative
components.
2. Materials and methods
2.1. Pyrolysis oil production
The bio-oil under investigationwas produced from the pyrolysis
of wheat straw at 500 C and derived from a one-week experi-
mental pyrolysis campaign of bioliq® pilot plant in December 2011.
After storage for several days, the bio-oil underwent a natural
phase separation and two phases were formed, which are called in
this paper “light phase” and “heavy phase” with respect to their
densities. According to the observation with an optical microscope,
the light phase is homogeneous while the heavy phase is a het-
erogeneous complex system containing higher molecular weight
compounds and solids. In addition, the light fraction contains more
polar compounds with lower molecular weight and higher oxygen
content, and also higher water content in comparison to the heavy
phase.
The HDO tests which are reported in this paper were performed
with the light phase due to a narrower product range and the
possibility to understand this “simpliﬁed” system and identify
more easily some reaction trends.
2.2. Characterisation of the bio-oil and the products
The light fraction (denoted in this work also feed) of the bio-oil
and the upgraded products were analysed by the same techniques.
Different types of products were collected: gas, an aqueous phase
(lighter-density liquid phase), an upgraded oil (heavier-density
liquid phase) and solids.
The density of the feed was determined by a density meter DMA
450 M from Anton Paar and the pH was measured by 691 pHMeter
(Metrohm). The water content was determined by a Karl-Fischer
titration using a direct titration system Titrando 841 and the
Oven Sample Processor 774 from the company Metrohm.
The elemental analysis was performed in an external institute
(FM-VEA, KIT) following the standard method DIN51721 for carbon
and hydrogen determination and DIN51722 for nitrogen content.
The oxygen contentwas calculated by difference. Since the nitrogen
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elemental analysis, the TNb (Total Nitrogen bound) was measured
using a Dimatoc 2000 (Dimatec) that detects the intensity of
chemiluminescence after a thermic-catalytic oxidation and reac-
tion with O3. The sulphur and the metal content were determined
inductively coupled plasma optical emission spectrometry (ICP-
OES, Agilent 725).
Based on these results, the Higher Heating Value (HHV) was
calculated with the Channiwala's equation [40]:
HHVðMJ=kgÞ ¼ 0:3491 Cþ 1:1783 H 0:1034 O 0:0151 N
þ 0:1005 S 0:0211 ash
(1)
Furthermore, a solvent fractionation of the light phase of the
bio-oil was carried out following the internal procedure (Fig. 1) of
the institute (IKFT-KIT) that is similar to the one described by
Oasmaa et al. [41e43]. The main difference is the determination of
the “sugar” derivatives (WS-DDIS: Water soluble-dichloromethane
diethyl ether insoluble), for which the following methodology was
used: after the extraction of the water soluble fraction with
dichloromethane-diethyl ether (1:1), the water was evaporated
with a rotary evaporator at 40 C, dried in the oven at 40 C over-
night and ﬁnally weighted. The class WS-DDS (Water soluble-
dichloromethane diethyl ether soluble) was calculated by differ-
ence between WS and WS-DDIS.
A gas chromatograph HP 5890 equippedwith a capillary column
Type Rxi®5Sil MS (0.25 mm  0.25 mm x 30 m) and a FID detector
was used for the quantiﬁcation of speciﬁc compounds of the light
phase, aqueous phase and upgraded oil. The aqueous samples were
analysed after extraction in ethyl acetate with pentadecane as in-
ternal standard, while the upgraded oil was diluted in the same
solvent. For quantiﬁcation an external calibrationwas used for each
component. The injection volumewas 1 ml and a split ratio 1:30was
used. The injector temperature was set at 275 C and the following
program of the oven was used: 35 C for 3 min, heating rate 6 C/
min until 180 C, heating ramp 30 C/min from 180 C to 280 C and
20 min at 280 C. Helium was used as carrier gas.
For further structural information (qualitative analysis), the
same samples were analysed by a GC-MS (Agilent 6890 NetworkFig. 1. Solvent fractionation scGas Chromatograph, capillary column Type DB5
0.25 mm  0.25 mm x 30 m, Agilent 5873 Mass Selective detector).
The injection temperaturewas 305 C and the injection volume 1 ml
(split ratio 1:15). Helium was used as carrier gas and the following
oven program was used: 40 C for 5 min, heating rate 20 C/min
until 300 C and 20 min at 300 C. In addition, the light phase and
some of upgraded products was sent to the Institute of Wood
Research (Thünen Institute) in Hamburg for GC analysis coupled
with parallel FID (used for quantiﬁcation) and MS (used for iden-
tiﬁcation) detectors. The method used for the bio-oil light fraction
and the upgraded oils was described by D. Meier andM.Windt [44].
The method for the aqueous phase was analogous but using WAX-
MS as column.
The gas composition was determined by a 6890 Agilent gas
chromatograph equipped with two columns (Restek 57096 Hay-
esep Q and ResteckMolsieve 5A) and connected to a TCD and an FID
detector. The gas was injected by a 100 ml syringe (injector tem-
perature 250 C). Heliumwas the carrier gas. The oven temperature
was set as followed: 60 C for 2 min, heating rate 5 C/min until
160 C, 15 C until 250 C, 5 min at 250 C. A system of switching
valve between the two columns was used during themeasurement.
1H-NMR spectra were recorded at 25 C on a Bruker Biospin
spectrometer, equipped with a 5.47 T magnet (1H frequency
250MHz). All samples were dissolved in 1 ml of CD3ODwith TMSP-
d4 (sodium 3-trimethylsilyl-2,20,3,30-tetradeuteropropionate) as
internal reference (~2 g/L). Subsequently the samples were
centrifuged in order to remove eventual undissolved particles in
the solution. 1H-NMR spectra were acquired using a 90 pulse,
acquisition time (AQ) ¼ 10.0663 s, relaxation delay (D1) ¼ 1.0 s,
number of scans (NS) ¼ 24, spectral width (SW) ¼ 3255.2 Hz, time
domain (TD) ¼ 32 K.
Next, the 1H-NMR data were processed using MestReNova
(version 9.0). The spectra were integrated in selected regions,
typical for speciﬁc functional groups [45], which are reported in
Table 1. The internal reference allowed to convert and quantify the
signals recorded as moles of protons per unit of sample [46].
2.3. Preparation of the catalysts
Five nickel-based catalysts were prepared by wet impregna-
tion: NiCu/Al2O3, Ni/SiO2, Ni/ZrO2, Ni/TiO2 and NiW/AC. Theheme of the light phase.
Table 1
Analysis of 1H-NMR spectra measured for the pyrolysis oil and upgraded products and assignment of the protons to speciﬁc functional groups; the
corresponding regions were integrated for the product analysis.
Integration range of 1H-NMR spectra Proton assignment
10.1e9.5 Aldehydes
8.5e6.0 (Hetero-)aromatic
6.0e4.3 Carbohydrates, water, OeH exchanging group
4.3e3.0 Alcohols, ethers, alkenes
3.0e1.5 a proton to carboxylic acid or keto-group, a proton to unsaturated groups
1.5e0.5 Alkanes
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(SA31145, mainly theta alumina, speciﬁc area 79.8 m2/g), silica
(SS61138, speciﬁc area 241 m2/g), zirconia (SZ61152, tetragonal,
speciﬁc area 126.9 m2/g) and titania (ST61120, anatase, speciﬁc
area 141 m2/g). The activated carbon used for the NiW/AC was
received from Sigma Aldrich (Norit ROW 0.8 SUPRA, 329428). The
supports were ﬁrst milled to a ﬁne powder (mean Waddel disk
diameter less than 100 mm), then mixed with the solution of the
metal precursors (ratio on weight support/solution circa 1:10).
The metal precursor were Ni(NO3)2$6H2O (Alfa Aesar, A15540),
Cu(NO3)2$2.5H2O (Alfa Aesar, 12523) and sodium phosphotung-
state hydrate (Aldrich, 496626). The water was evaporated with a
rotary evaporator and the formed catalyst was dried overnight in
an oven at 105 C. NiCu/Al2O3, Ni/SiO2, Ni/ZrO2 and Ni/TiO2 were
calcined in air at 500 C for 4 h and reduced at 500 C under an
atmosphere of 25% H2/N2 for 4 h. For NiW/AC, the procedure from
Echeandia et al. [19] was followed with some variations: ﬁrst the
support was impregnated with the solution of the tungsten pre-
cursor (sodium phosphotungstate hydrate, pH 5), dried overnight,
calcined under nitrogen at 400 C, then impregnated again with
the nickel solution, dried overnight and calcined again at 400 C.
Based on the temperature programmed reduction (TPR) results
(see below), we decided to perform the reduction at 500 C with
25% H2/N2 in order to increase the ratio of metallic nickel and
nickel oxide.
In addition, two commercial catalysts were employed: Ni/
Al2O3 was supplied by C&CS (METH 134, nominal loading 20%)
and Ru/C by Sigma Aldrich (206180, nominal loading 5 wt%). Ni/
Al2O3 was crushed to a powder and then reduced at 500 C for 5 h
and with 50% H2/N2, while Ru/C was treated at 400 C for 1 h with
25% H2/N2.2.4. Characterisation of the catalysts
The metal content of the catalysts was estimated by ICP-OES,
after a pre-digestion of the samples with concentrated HNO3
(6 ml), HCl (2 ml) and H2O2 (0.5 ml) in a microwave oven (600 W,
max 6.0 MPa, 240 C, 45 min). The TPR was measured with an
Autochem HP 2950 (Micrometrics) using a heating rate of 5 C/min
and 25% H2 in Ar with a global ﬂow of 30 ml/min. Nitrogen phys-
isorption at 77 K and the BET method was used for the determi-
nation of the total speciﬁc surface area. The isotherms were
recorded by a BelsorpMini II and the ﬁtting range between 0.05 and
0.30 P/P0 was used. The catalysts were additionally analysed by
powder X-Ray diffraction (XRD) using an X'Pert PRO MPD instru-
ment (PANanalytical GmbH) endowed with a copper anode (Cu Ka
1.54060 Å). The XRD patterns were measured for the catalyst
powder before and after the reduction in a range of 2q between 20
and 80 (30 min, step size 0.017). The Scherrer equation [47,48]
was used for estimating the average crystallite size (shape factor
used K ¼ 0.9) after the correction of the instrumental line broad-
ening and if necessary after subtracting the contribution of the
support signal.2.5. Reaction setup for catalytic hydrodeoxygenation
The reaction was carried out in a custom-made 200 ml batch
autoclave (316Ti stainless steel, up to 250 C and 30 MPa, Fig. 2).
Each experiment was repeated twice and the results are reported as
the average.
The autoclave was ﬁlled with 50 g of the light phase, 2.5 g of
catalyst (5 wt% respect to the light phase) and charged at room
temperature with 8.0 MPa of hydrogen (Air Liquid, purity 6.0).
The pressure at 250 C was dependent on the catalysts: the
range was between 13 MPa recorded with the Ru/C and 18 MPa
with the blank experiment. The same conditions were used for the
experiment with phenol as model compound over NiCu/Al2O3: in
this case 50 g of a solution of 10 wt% phenol in water was used. The
system was heated up in an aluminium mantle with four electrical
cartridges at its maximum heating power (~5 C/min) and stirred
with a magnetically coupled impeller (minipower Premex) at
1000 rpm. The reaction was kept at 250 C for 4 h as reported in
previous articles [43] and then cooled in an ice/water bath until
room temperature. Afterwards a sample for gas analysis was
collected and analysed. The hydrogen consumption was deter-
mined from the difference of the initial and ﬁnal number of moles,
assuming that hydrogen was a real gas following the Soa-
veeRedlicheKwong equation [49,50] and considering that other
gases were produced during the reaction. In the mass balance the
gas was reported inweight percentage that was calculated from the
composition determined by gas chromatography.
From temperature and pressure measurements during the re-
action, we estimated the consumption of hydrogen over time using
the following assumptions. The partial pressure of the light phase
was well approximated by the ClausiuseClapeyron equation
calculated for water and this can be justiﬁed as water is the main
component of the pyrolysis oil under study. Assuming in this
simpliﬁed model that the change of the gas volume, the hydrogen
solubility [51] and the production of other gases were negligible,
the partial pressure of hydrogen was calculated subtracting the
partial pressure of the light phase from the total pressure. The
moles of hydrogen in the reactor over time were calculated by the
SoaveeRedlicheKwong equation.
The liquid and solid products were collected from the reactor
with a syringe and centrifuged at 8000 rpm for 30 min (Thermo
Scientiﬁc Heraus Biofuge Stratos, ﬁxed angle rotor 26 n.75003014)
for an optimal separation between the aqueous phase, the oil phase
and solids.
The aqueous and oil phases were separated and weighted. The
residue in the reactor (usually consisting of catalyst, solid and tar-
like components) was collected by washing the reactor wall with
acetone. This fraction, together with the solid fraction from
centrifugation, was ﬁltered with a Whatman ﬁlter (Grade 589/3
blue ribbon) and washed with acetone. The ﬁltrate was dried
overnight at 105 C and then weighted. The carbon formation was
determined by calcination of the ﬁltrate at 550 C (DIN 51719). For
Ru/C and NiW/AC the carbon formation was calculated as the
Fig. 2. a) 200 ml batch autoclave with Premex mechanical steering and Swagelock ﬁttings (316Ti stainless steel, maximum temperature of 250 C and pressure of 30 MPa); b)
autoclave details.
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uble in acetone was analysed after acetone evaporation at room
temperature with the same techniques used for the oil. A disad-
vantage of analysing the fraction recovered from acetone is that
some more volatile components could be lost.
In the case of Ru/C, the blank experiment (without catalyst) and
NiW/AC, the separation of the oil from the catalysts or from the
solid produced was difﬁcult by centrifugation, because a viscous
paste consisting of the catalyst and the oil was formed. In these
cases only the analysis of the oil recovered from acetone was per-
formed. For the other catalysts, since the main analytical results of
this fraction were in agreement with the corresponding oils, the
results are reported together as average value; in case of the GC-
MS/FID the results of two fractions are reported separately.3. Results and discussion
3.1. Characterisation of the bio-oil
The main physical characteristics and the composition of the
light phase of the bio-oil are reported in Table 2. In comparison to a
standard bio-oil, the water content is higher and the oxygen con-
tent of the organic compounds is 40.0 wt%. The content ofTable 2
Physical properties and chemical composition of the bio-oil light phase (used as feed
for hydrotreatment) produced by the bioliq® pilot plant (KIT) from pyrolysis of
wheat straw at 500 C in a twin-screw mixer.
Property Light phase
Density (kg/L) 1.11
pH 4.0
Water content (wt%) 56.7
Elemental composition
C (wet basis; dry basis, wt%) 20.7; 47.7
H (wet basis; dry basis, wt%) 9.5; 7.4
O (wet basis; dry basis, wt%) 67.8; 40.0
N (wet basis; dry basis, wt%) 0.3; 0.7
S (wet basis; dry basis, wt%) 0.05; 0.12
Chloride (wt%) 0.27
Dissolved metals (wt%) 1.72
Higher heating value (HHV, MJ/kg) wet basis; dry basis 9.2; 21.2heteroatoms like N and S is relatively low, but in the same range
that was also detected for other pyrolysis oils described in literature
[8]. The main metal ion dissolved in the light phase is potassium
with a concentration of 1.2 wt%. The HHV calculated was relatively
low due to the high water and oxygen content.
According to the results of the solvent fractionation (Table 3),
the light phase contains mainly two classes of compounds: “WS-
DDIS” (water soluble-dichloromethane/diethyl ether insoluble)
without additives and “WS-DDS” (water soluble-dichloromethane/
diethyl ether soluble). These two classes include oxygenated com-
pounds with low molecular weight, like “sugar derivatives” (com-
pounds from the pyrolysis of sugars like anhydrous sugar), phenol
derivatives (lignin building block monomers), furans, ketones, al-
dehydes, acids and alcohols.
From the GC-MS/FID analysis performed by the Thünen Institute
in Hamburg, 59.82wt% of the light phase (dry basis) were identiﬁed
and circa 70 molecules were present with a concentration larger
than 0.01 wt%. Themain organic components of the light phase (not
including additive) are hydroxypropanone, acetic acid, levogluco-
san and propionic acid, in a concentration of 5.31 wt%, 4.92 wt%,
1.61 wt% and 1.15 wt%, respectively. Other characteristic com-
pounds that are present in a lower concentration are acetic acid 2-
hydroxyethylester (0.41 wt%), 1-hydroxy-2-butanone (0.67 wt%), 2-
hydroxy-1-methyl-1-cyclopenten-3-one (0.53 wt%), 2(5H)-fur-
anone (0.1 wt%), g-butyrolactone (0.18 wt%), phenol (0.11 wt%),
guaiacol (0.13 wt%) and syringol (0.14 wt%).Table 3
Solvent fractionation of the bio-oil light phase.
Class of compounds wt%
WS-DDIS: water soluble-dichloromethane/diethyl ether insoluble
(without additives)
21.1
WS-DDS: water soluble-dichloromethane/diethyl ether soluble 14.1
Additives 6.9
WIS-DS: water insoluble-dichloromethane soluble (without extractives) 0.3
WIS-DIS: water insoluble-dichloromethane insoluble (without solids) 0.3
Extractives 0.3
Solids 0.3
Water 56.7
Table 4
Chemical and physical characteristics of the catalysts used in this study.
Name Loading of active metal (wt%) Support BET surface area (m2/g) of the catalyst
Ni/Al2O3 Ni 20%a Alumina 76
NiCu/Al2O3 Ni 17.8%; Cu 2.1% Alumina (mainly theta alumina) 66
Ni/SiO2 Ni 22.0% Silica 170
Ni/ZrO2 Ni 5.8% Zirconia (tetragonal) 110
NiW/AC Ni 3.2%; W 7.8% Active carbon 1110
Ni/TiO2 Ni 5.8% Titania (anatase) 86
Ru/C Ru 5%a Active carbon 870
a Nominal loading of the commercial catalysts.
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The metal loadings of the catalysts, determined by ICP-OES, are
reported in Table 4. Different loadings were chosen depending on
the support type and based on previous experiments reported in
literature [11,19,34].
In addition, the BET surface area measured for the catalysts in
the reduced form is listed in Table 4. The activated carbon support
has a surface of one order magnitude larger compared to the metal
oxide support which is also reﬂected in the surface area of the
nickel-based catalysts.
For the catalysts with an active metal loading less than 6% it was
not possible to detect any nickel reﬂections by X-ray diffraction,
indicating an amorphous phase or a high dispersion of nickel par-
ticles. For the other catalysts, the reﬂections of nickel oxide dis-
appeared after the reduction and the typical X-ray pattern of
metallic nickel was detected (Fig. 3). The average crystallite size of
metallic nickel on various supports was calculated using theFig. 3. XRD patterns of Ni/Al2O3, NiCu/Al2O3, Ni/SiO2 and NiWScherrer equation derived from the Ni (111) reﬂection, estimating a
value of 8 nm for NiCu/Al2O3, 15 nm for Ni/Al2O3 and 20 nm for Ni/
SiO2. In the case of reduced NiW/AC, tungsten oxide reﬂections
were detected, but they are difﬁcult to be assigned: the position of
the reﬂections seem to be more similar to WO2 than to WO3 but
might also be due to the presence of complex mixed oxides, as
reported previously in other studies [52].
The TPR proﬁles (Fig. 4) for all catalysts except for NiW/AC show
a reduction temperature peak below to 500 C. In order to assign
the TPR peaks of NiW/AC, the TPR of the support AC, the Ni/AC and
then NiW/AC were recorded: it was shown that activated charcoal
shows a peak at 630 C, supported Ni-oxide two peaks at 410 C and
520 C and the supported tungsten oxide at 780 C. The TPR
recorded for NiCu/Al2O3 shows a lower reduction temperature
peak, due to the addition of copper as also reported by Ardiyanti
et al. and Wu et al. [11,53]. The reduction for all the catalysts (also
for NiW/AC) was limited to 500 C in order to minimise sintering
(the Tammann temperature for nickel is 590 C [54])./AC (orig. ¼ as received, calc. ¼ calcined, red. ¼ reduced).
Fig. 4. Temperature programmed reduction (TPR) of the catalysts prepared in this
study (the dashed line represents the reduction temperature used for activate the
catalysts).
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The main products obtained after the reaction of the light phase
in hydrogen atmosphere at 250 C were an aqueous phase and an
upgraded oil (with a higher density than the aqueous phase).
Gaseous and solid by-products were formed in small amounts. The
mass balances for the blank reaction (without catalyst) and for the
different catalysts are summarised in Fig. 5. The oil recovered was
between 7 wt% and 15 wt%, while the aqueous phase between
75 wt% and 83 wt%. The aqueous phase had a similar amount of
water in all the experiments (average of all the experiments
70.2 ± 1.7 wt%), while the oil products had 8.8 ± 0.9 wt%. The solids
were less than 3 wt% and their formation was more pronounced
with the carbon based catalysts. The losses were between 5 and
10%.
3.4. Gas consumption and gas production
Considering the hydrogen consumption (Fig. 6a), Ru/C displayed
the highest activity per kgpo (kilogram of pyrolysis oil), while all the
nickel catalysts had similar consumption with a more pronounced
activity for NiCu/Al2O3. Venderbosch et al. [17] reported in their
study a hydrogen consumption of 102 NL/kgpo at 225 C in aFig. 5. Mass balance of the products after mild hydrotreatment (250 C, 8.0 MPa
hydrogen at room temperature).continuous reactor using Ru/C, which is comparable to our mea-
surement (108 NL/kgpo) considering that in our case the tempera-
ture was slightly higher. However, the pyrolysis oil in the present
study (light fraction) contains more water, i.e. less organic com-
pounds to hydrodeoxygenate. The only experiment reported using
NiCu/Al2O3 was performed at 350 C in a batch rector [33] giving a
higher value (146 NL/kgpo vs. 71 NL/kgpo), but due to the higher
temperature not directly comparable to our experiment.
In Fig. 6b, we observe for all catalysts that hydrogen is mainly
consumed during the ﬁrst 2 h, even during the heating time. Due to
the competition between polymerisation and HDO reaction [55], it
was necessary to agitate during the heating ramp in order to
minimise polymerisation, but it was not possible to avoid any re-
action during this phase. Therefore the hydrogen consumption
started before reaching 250 C, providing a sort of stabilisation of
the bio-oil as reported by de Miguel Mercader et al. [9]. In the
following hours the hydrogen consumption continued only slightly.
The blank sample, without catalyst, showed at the beginning a
negative trend that can be due to the production of other gases
which results in an increase in pressure.
In Fig. 7, the production of gas is reported: it was in none of the
experiments more than 2 wt% with respect to the global amount of
products and the main gas that was produced is CO2 (probably due
to the decarboxylation of carboxylic acids that are prominently
present in the bio-oil).
For the blank samples the CO2 production was more pro-
nounced, while Ru/C produced a wider variety of gases, such as
methane and propane. As explanation, ruthenium is more active
than nickel as catalyst in the methanation of CO2 [56] and propane
can be a product of hydrogenation of propanoic acid as described by
He and Wang [57].
3.5. Characterisation of the liquid products
The elemental composition (dry basis) of the light fraction and
the upgraded oils is reported in the Van Krevelen diagram in Fig. 8.
The light phase had an oxygen content of 40.0% (Table 2) and after
mild HDO the produced oils had an oxygen content between 20 and
26%. The highest oxygen content in the oil was observed after HDO
over Ru/C, whereas, according to Fig. 8, the lowest percentage
corresponded to Ni/ZrO2 and to the blank experiment. However,
Ru/C produced an upgraded oil with higher oxygen content, but
also more hydrogenated, while the hydrogen content in the blank
experiment and using Ni/ZrO2 was lower. The products of nickel
catalysts are in the Van Krevelen plot rather close to each other,
showing a very similar behaviour in the hydrotreating of the light
phase: it is important to consider that every experiment is also
affected by an error (standard deviation in the range of 0.003e0.112
for H/C and 0.008e0.036 for O/C). The HVV of the upgraded oils was
in average 31 ± 1 MJ/kg on dry basis, which clearly represents a
densiﬁcation in energy in comparison to the original light phase of
the bio-oil.
Gas chromatography permitted to detect and quantify selected
compounds present in the feed and in the liquid products. We
focused on the typical biomass platform molecules, like phenol,
furfural and cyclopentanone and their derivatives.
Concerning the aromatic compounds, their concentrations
decreased in the aqueous phase after the reaction (Fig. 9), also in
the blank experiment. Phenol, guaiacol and syringol classes have a
higher concentration in the upgraded oil in comparison to the
aqueous phase (Table 5), demonstrating that they tend to separate
from the polar phase. According to the concentration estimated by
the GC-MS/FID, the quantities recovered in the products (sum of
the compound masses in the various product phases) of syringol
and guaiacol compared to the feed was about 50% and 60%,
Fig. 6. a) Consumption of hydrogen (NL/kgpo ¼ normal liter per kilogram of bio-oil light phase) during the mild hydrotreatment of the bio-oil light phase over different catalysts
(250 C, 8.0 MPa hydrogen at room temperature); b) estimation of the hydrogen consumption over the time during the mild hydrotreatment of 50 g of the bio-oil light phase
(250 C, 8.0 MPa hydrogen at room temperature).
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the quantity of phenol was different for the different catalysts (66%
over blank, 78% over Ru/C, 91% over NiCu/Al2O3). The concentration
of these compounds depends on different reaction paths. For
example phenol can be produced by the demethoxylation of
guaiacol and syringol or from the decomposition of pyrolytic lignin,
but at the same time hydrodeoxygenation and other side-reaction
(like polymerisation and char production) can decrease its con-
centration. The complex reactions and the repartition of the
products in different phases made it challenging to estimate the
conversion of a single compound in the pyrolysis oil.
In the aqueous phase and in the upgraded oil produced over Ru/
C, cyclohexanol and homologous compounds were detected, indi-
cating that the aromatic ring of the phenol and other aromatic
compounds were partially hydrogenated (Fig. 10). In the products
of the blank experiments these molecules were not identiﬁed,Fig. 7. Gas production during the mild hydrotreatment over different catalysts (250 C,
8.0 MPa hydrogen at room temperature).whereas for NiCu/Al2O3 only small amounts of cyclohexanone were
found. In the case of nickel catalysts, a variety of aliphatic ketones
(homologous of cyclopentanone, cyclohexanone, pentanone and
hexanone) were found, indicating that nickel catalysts under these
conditions can hydrogenate oleﬁnes and aromatic rings, but not the
ketones to alcohols.
Performing the same experiment with phenol as model com-
pounds over NiCu/Al2O3, it shows that phenol was completely
converted and the main product collected was cyclohexanol
(Fig. 10). As reported in literature [58], nickel catalysts are selective
at this temperature for the production of cyclohexanol, results that
was different in comparison to the ones obtained in the pyrolysis oil
mixture. In this case, the complex reaction mixture and probably
also a simultaneous deactivation of the catalyst during the reaction
inﬂuenced conversion and selectivity of the reaction. Preliminary
analysis performed on the spent catalysts showed that the nickel-
based catalysts were mainly sensitive to carbon deposition.Fig. 8. Van Krevelen plot of the upgraded oil (dry basis) produced at 250 C and
8.0 MPa hydrogen at room temperature.
Fig. 9. Concentration of typical organic compounds of the aqueous phase detected by GC-FID (after mild hydrotreatment at 250 C, 8.0 MPa hydrogen at room temperature).
Table 5
Compound classes in the bio-oil light phase and in the upgraded products (reaction at 250 C, 8.0 MPa hydrogen at room temperature), measured by GC-MS/FID (Thünen
Institut) and reported as wt% wet basis.
Feed Blank Blank Ru/C Ru/C NiCu/Al2O3 NiCu/Al2O3
Aqueous phase Oily phasea Aqueous phase Oily phasea Aqueous phase Oily phaseb
Class of compounds
Water 56.7 71.5 5.1 65.4 10.1 69.3 8.7
Acids 6.07 8.16 5.54 5.60 8.68 6.56 7.16
Nonaromatic Alcohols (without Ethylenglycol) 0.04 0.60 0.00 6.40 4.04 1.61 0.61
Nonaromatic esters 0.45 2.89 0.74 2.60 1.21 3.50 0.10
Nonaromatic Aldehydes 0.30 0.00 0.00 0.00 0.00 0.00 0.00
Nonaromatic Ketones 7.17 0.95 2.98 0.06 0.11 1.18 8.75
Furans 0.72 0.63 0.32 1.05 1.65 0.81 1.79
Sugar 2.78 0.19 0.00 0.10 0.00 0.09 0.00
Benzenes 0.01 0.00 0.06 0.00 0.19 0.00 0.06
Lignin derived Phenols 0.27 0.08 1.89 0.12 3.67 0.07 2.53
Guaiacols (Methoxy phenols) 0.37 0.08 1.06 0.08 1.66 0.07 1.11
Syringols (Dimethoxy phenols) 0.31 0.07 0.73 0.06 1.21 0.05 0.68
a Oil recovered from acetone wash.
b Oil without treatment.
Fig. 10. Main reactions observed over different catalysts during mild hydrotreatment (250 C, 8.0 MPa hydrogen at room temperature). The quantities reported for the products are
the sum of the amount recovered for each substance in the aqueous phases and in the upgraded oils. These quantities were referred to the hydrotreatment of 1 g of light phase of
pyrolysis oil (gPO).
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calcium, magnesium and sulphur were also detected in small per-
centage on the surface, but sulphur was not proved to be directly
bound to nickel. Also at higher temperatures, Ardiyanti et al. [11]found similar results over nickel catalysts: the lignin derivatives
present in pyrolysis oils were not completely converted, the ke-
tones concentration increased in comparison to the original bio-oil
and no nonaromatic alcohols were detected.
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that is followed by the aromatic compounds over ruthenium or
nickel catalysts is like the one proposed by Mortensen et al. [34]
and Bykova et al. [35]: before the aromatic ring is hydrogenated,
the cyclic ketone is converted into alcohol that is successively
dehydrated and hydrogenated to form a cycloalkane. The temper-
ature used was too mild for a hydrodeoxygenation over nickel
catalysts, also for the model compound, phenol. At 250 C the hy-
drogenation of the aromatic ring was mainly observed, while the
cleavage of the carbon oxygen bond over nickel catalyst was
observed only at higher temperatures.
Another class of interest is the furfural and cyclopentanone-
related compounds. Furfural was detected in the light phase (con-
centration 0.05 wt% by GC-MS/FID) and not after the HDO reaction,
indicating that it was hydrogenated/hydrodeoxygenated during the
reaction or just underwent another reaction (for example ring
opening [59] or polymerisation [29]). According to the GC-MS and
GC-MS/FID analysis of the aqueous phase products, 2-methyl-
tetrahydrofuran was detected only in the chromatogram of the
aqueous phase of Ru/C-catalysed reaction (concentration 0.12 wt%),
indicating that with this catalyst and at this temperature furfural
was hydrogenated and the aldehyde functionality was removed, as
also observed by Elliott et al. [60,61].
In contrast, only traces of 2-methyl-tetrahydrofuran and tetra-
hydrofuran were detected in the upgraded oil resulting from HDO
over NiCu/Al2O3, but not in the aqueous phase. Probably, the
pathway that lead to 2-methyl-tetrahydrofuran is preferred with
Ru/C catalyst, while for nickel-based catalysts other reactions are
more favoured as documented by Sitthisa and Resasco (ring
opening) [59]. The higher concentration of 2-methyl-tetrahydro-
furan in the Ru/C aqueous phase with respect to the feed suggests
that furfural can be produced during the reaction from other
molecules, like ﬁve-carbons-sugar derivatives. Also other analo-
gous compounds, like 2-methanol-tetrahydrofuran, furan-2-(3H)-
one and 2,5-methyl-tetrahydrofuran were detected for Ru/C
aqueous phase and they are an indication of the hydrogenation and
HDO reaction. Another peculiarity is that g-butyrolactone
increased in concentration after the reaction and this could be
derived from the hydrogenation of furan-2-(5H)-one. Furthermore,
cyclopentanone and 2-methylcyclopentanone were detected in
higher concentration for nickel catalysts, while for the blank and
Ru/C the concentration was low (Fig. 9). The GC-MS/FID demon-
strated that originally 2-cyclopenten-1-one (0.13%) and 2-methyl-
2-cyclopenten-1-one (0.05%) were present in the light phase, but in
case of 2-methyl-2-cyclopenten-1-one not in so high concentration
that can explain the ﬁnal concentration of the hydrogenated spe-
cies. Also in this case we suppose that these species are formed
during the thermal treatment from a complex reaction network
involving no catalyst as conﬁrmed by their presence in the blank
experiment products (concentration in the upgraded oil 0.36%,
aqueous phase 0.12%). In the case of the blank experiment, just a
small amount was converted to cyclopentanone and 2-
methylcyclopentanone; nickel catalysts converted them quantita-
tively to cyclopentanone and 2-methylcyclopentanone, whereas
Ru/C mainly to cyclopentanol and 2-methylcyclopentanol as
anticipated. Interestingly the formation of cyclopentanone can be
also explained by Piancatelli rearrangement (formation of
hydroxycyclopentenone derivatives from 2-furylcarbinols under
acid-catalysis conditions) of furfural catalysed by noble metals [62]
and nickel-copper [63] in an aqueous environment.
Hydroxypropanone, which stems from the degradation of cel-
lulose and hemicellulose during pyrolysis [64], is one of the main
components of the feed (5.31 wt%), but after the hydrotreatment
reactions it was not detected anymore. Over Ru/C and NiCu/Al2O3 it
was partially converted in 1,2-propandiol (3.17 wt% and 0.83 wt%concentration in the aqueous phase respectively), while analogous
compounds were not identiﬁed in the blank experiment. Esteriﬁ-
cation was also detected: an example is 2-hydroxyethyl acetate,
which is the product of esteriﬁcation of ethylene glycol and acetic
acid.
An overview of the main changes between the classes of com-
pounds during the reaction is given in Table 5. The lowest con-
centration of acids in the aqueous phase (the main product) was
attributed to the products obtained using Ru/C, the blank experi-
ment had the highest concentration, while the nickel-based cata-
lyst an intermediate value.
The concentration of alcohols is inﬂuenced by the presence of
ethylene glycol that is used in some cases as additive at the
beginning of the pyrolysis process. Subtracting the amount of
ethylene glycol from the sum of the nonaromatic alcohols clearly
indicates that the Ru/C catalyst produced the highest quantity of
alcohols, followed by the NiCu/Al2O3 catalyst, while the blank
showed almost no production.
The concentration of ketones is low for Ru/C that shows a good
conversion of this class to alcohols. In case of the blank experiment,
the concentration of ketones decreased in both liquid products as
well for the aqueous phase produced over nickel catalyst, whereas
the upgraded oil over nickel has a higher concentration in com-
parison to the light phase.
Carbohydrates were not detected anymore in any phase after
the reaction and, as reported previously in study with model
compounds [65,66], they can easily undergo polymerisation (char
formation) or can disaggregate to form smaller polyols, methane or
ethane.
As expected from their polarity, the aromatic compounds and
ketones were more concentrated in the upgraded oils whereas al-
cohols and acids were present mainly in the aqueous phase.
According also to the gas chromatography, the nickel-based
catalysts showed a similar behaviour independent from the sup-
port type. This could be explained since mainly hydrogenation re-
actions were detected instead of hydrodeoxygenation. This
becomes obvious in the van-Krevelen diagram (Fig. 8): the O/C ratio
is almost unchanged between the blank reaction and the catalysed
ones, whereas the H/C ratio increased signiﬁcantly. The role of the
support in the mechanism should be more pronounced at higher
temperature where HDO reactions are favoured.
3.6. 1H-NMR analysis
1H-NMR spectroscopy is another possible and complementary
approach to follow the conversion of certain functional groups. At
ﬁrst glance, the proﬁles of the 1H-NMR spectra appear complex
with a lot of overlapping peaks as the result of the wide range of
molecules present in the original light phase and in the products.
For this reason it is difﬁcult to identify compounds with a con-
centration less than 0.5% by 1H-NMR. In our context, the main
peaks that were assigned belonged to acetic acid (2.00 ppm),
hydroxypropanone (2.12 and 4.26 ppm), ethylene glycol (3.61 ppm)
and water (4.8 ppm).
However, comparing with the related literature [45] a rough
assignment of the signals in different classes of compounds is
possible and the use of the internal standard permitted to compare
more easily samples that have different hydrogen content and
functional groups.
The aqueous phase products (Fig. 11a) were characterized by a
high amount of water, as also conﬁrmed by the Karl Fischer titration
(circa 70% in the aqueous phase and 56.7% in the feed). Therefore,
the spectral region with the highest intensity was between 6.0 and
4.3 ppm, signal due to water and molecules with mobile protons,
mainly alcohols and carboxylic acids (Table 1). The concentration of
Fig. 11. Integration of the different regions of the 1H-NMR spectra of the aqueous phase (a) and the upgraded oil (b) produced from the mild hydrotreatment (250 C, 8.0 MPa
hydrogen at room temperature).
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location to carboxylic acids, ketones and unsaturated groups
(3.0e1.5 ppm) decreased after the mild hydrotreatment. Also the
integration of the NMR signals attributed the alpha protons of
alcohol/ether groups decreased, with exception of the aqueous
phase produced by Ru/C. As demonstrated by gas chromatography,
Ru/C had a higher hydrogenation activity, converting ketonic
groups to alcohols (not observed over a nickel catalyst). Concerning
the aliphatic region (1.5e0.5 ppm), the aqueous phase produced
with Ru/C catalyst afforded strong NMR signal, as result of an
efﬁcient hydrogenation; the results with nickel catalysts were
similar, whereas the blank test led to lower 1H-NMR signal than in
the feed (lower quantities).
The 1H-NMR spectra of the upgraded oils are reported in
Fig. 11b. A different distribution of the protons was observed
comparing aqueous and light phase. The concentration of aliphatic
protons (1.5e0.5 ppm), of protons belonging to the region
3.0e1.5 ppm and of aromatic protons (8.5e6.0 ppm) was much
higher in comparison to the feed, indicating that the oil is
composed of more apolar compounds. The protons between 4.3
and 3.0 ppm had a similar concentration to the feed with the
exception of Ru/C sample, still explained by the ability of Ru/C to
convert at this temperature (250 C) ketones to alcohols. The signal
in the region 6.0e4.3 ppmwas lower since the water content in the
oil phase was on average only 8.8%.
The millimoles of protons calculated from the integration of the
whole spectrum were quite in agreement with the hydrogen con-
tent determined by elemental analysis (less than 10% difference
from the value of elemental analysis).3.7. Carbon, hydrogen and oxygen distribution
100 g of light phase was composed of 20.7 g carbon, 9.5 g
hydrogen and 67.8 g oxygen. After the hydrotreating the global
hydrogen content increased. The reaction induced also a phaseseparation and the distribution of the elements in the different
phases was calculated by the results of the elemental analysis and
the Karl Fischer titration.
The carbon distribution in the product phases is reported in
Fig. 12a: for the blank test and for the nickel-based catalysts, circa
half of the carbon amount was concentrated in the oily phase.
Considering that the upgrading oil was 7e15 wt% of the products,
this clearly represents a densiﬁcation in energy. In the case of Ru/C,
a larger amount of carbon remained in the aqueous solution,
probably because this catalyst emphasized the production of al-
cohols that are soluble in water.
Hydrogen was mainly present in the aqueous phase as water
(Fig. 12b) and the hydrogen bound to organic molecules was
slightly more distributed in the aqueous phase product. In the
graph (Fig. 12b) the unrecovered hydrogen is reported: while for
carbon and oxygen the total amount recovered in the products
should be the same as the light phase, for hydrogen the total
amount should be the sum of the quantity present in the light
phase and the hydrogen consumed in the reaction. The hydrogen
added during the reaction was a small component compared to the
hydrogen present in the feed (less than 10%), a fact that makes
difﬁcult to see signiﬁcant changes directly in the quantitative 1H-
NMR spectrum and in the elemental analysis.
The oxygen was mainly distributed in the aqueous phase
(Fig. 12c), where the major fraction was present as water and the
minor fraction as functional group in the organic molecules. The
average of the oxygen content in dry basis was 50 ± 3 wt% in the
aqueous phase and for the oil was in the range between 20 and 26%.
Considering that the feed had an oxygen content of 40.0 wt% (dry
basis), the decrease of the oxygen content in the oil can be
explained by the effect of the hydrotreatment, but also by a pref-
erential distribution of more apolar molecules in the oil phase and
more polar in the aqueous one.
Water is one of the hydrodeoxygenation products, but from the
hydrogen and oxygen mass balance we could not appreciate a
Fig. 12. Element distribution on the product phases after mild hydrotreatment (250 C,
8.0 MPa hydrogen at room temperature): carbon (a), hydrogen (b) and oxygen (c).
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to the light phase, considering also that the recovery losses were
around 5e10 wt%).4. Conclusions
Different nickel-based catalysts were used for a mild hydro-
treatment of the light fraction of pyrolysis oil produced from straw
in the bioliq® plant in Karlsruhe. The advantage of using the light
fraction with respect to a whole bio-oil was the possibility to focus
exclusively on the reactivity of polar and low molecular weight
compounds, like sugars derivatives, lignin-derived monomers, fu-
rans, ketones, aldehydes, and carboxylic acids. For this reason, the
light phase of the bio-oil represented a system that was easier to
investigate in comparison to the whole bio-oil and that permits to
gain more information on reaction trends compared to model
compounds.
All the used nickel catalysts had a similar activity with a slightly
better performance of NiCu/Al2O3. In all the cases, the hydrogen
consumptionwas inferior to that obtained using Ru/C (benchmark).
Ru/C produced a more hydrogenated upgraded oil, whereas the
deoxygenation degree was slightly higher for nickel-based cata-
lysts, which can be considered as an attractive alternative to noble
metals because of their cheaper price and higher availability.
Gas chromatographywas a powerful technique for following the
reaction paths of some speciﬁc compounds and identifying some
reactivity trends. Concerning the bio-oil light fraction, nickel-based
catalysts showed at 250 C a good selectivity for the hydrogenation
of oleﬁnic groups, but not for the ketones, while the Ru/C catalyst
was able to hydrogenate ketones as well. This trend was not
observed using phenol as model compound in water over a nickel
catalyst. In this case, phenol was completely converted with high
selectivity to cyclohexanol, while in the pyrolysis oil the conversion
of phenol was low and cyclohexanone was the main product
detected. This demonstrates how the performance of a catalyst
considerably changes in a complex mixture like pyrolysis oil, where
side-reactions might occur and the catalyst can be deactivated by
organic and inorganic species present in the light fraction.
Since the amount of the compounds identiﬁed and quantiﬁed by
gas chromatography was generally limited to a fraction that was
circa 20e30% (wet basis) of the upgraded oils, complementary re-
sults were gathered via 1H-NMR analysis. Using methanol as sol-
vent and introducing an internal standard for the quantiﬁcation,
this technique gave an overview of the nature and quantities of the
functional groups present in the bio-oil and in the upgraded
products, conﬁrming the results obtained by gas chromatography.
According to the elemental analysis of the products, the lower
amount of oxygen detected in the upgraded oil is the result not only
of the hydrotreatment, but also of a preferential repartition of the
compounds in the two product phases.
From an application point of view, hydrotreating separately the
light phase and the heavy phase of a pyrolysis oil instead of the
whole bio-oil has the advantage of obtaining upgraded products
with a different composition that can be used for speciﬁc scopes.
Further research will focus on HDO reactions performed at
higher temperature in order to obtain higher deoxygenation degree
and also on the effect of the pyrolysis oil on the deactivation of the
catalysts using realistic bio-oils.Acknowledgements
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